There are a number of factors that affect the intensity of the apical region in cardiac SPECT images, which sometime lead to apparent defects in this region. In some patient studies, images reconstructed with non-uniform attenuation correction appear to have a significant decrease of apical intensity, whereas images reconstructed without such correction have only a slight decrease. This phenomenon has been evaluated using a series of simulations, phantom experiments, and a patient study. The effects of a number of factors upon the severity of the apparent apical defects were studied, including: partial volume effect, non-uniform attenuation, and depthdependent detector response. Simulation and phantom results indicate that 1) since the apex is generally less attenuated than the rest of the heart wall, attenuation correction boosts the intensity of non-apical regions more than that of the apex (by as much as 20%); and 2) partial volume effects due to discretization inadequacies and finite spatial resolution may cause as much as a 26% decrease in reconstructed intensity in the apical region. These two effects, in combination, may partially explain the presence of apparent apical defects when attenuation correction is performed. In addition, detector response compensation consistently reduced the severity of apparent apical defects. These results agree with and help to explain the occurrence of apparent apical defects observed in patient data.
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I. INTRODUCTION
Cardiac SPECT images often demonstrate a slight decrease in apical intensity relative to the rest of the heart. When attenuation correction is performed, this apparent decrease in apical activity may become more severe El]. This phenomenon has been observed for both parallel beam and fan beam SPECT images. Certain aspects of such apparent apical defects suggest that they may be artifactual in nature. Such phenomena have been observed for both parallel beam and fan beam SPECT images, and can affect the diagnostic qualities of cardiac SPECT images significantly [2] . Figure 1 shows an example of this phenomenon where three horizontal long axis slices of a fan-beam patient SPECT image are displayed. The images were filtered with a Butterworth low-pass filter after the reconstruction. Both sets of images have somewhat decreased intensity in the apical region relative to the rest of the heart, but the decrease is more severe for the images reconstructed with attenuation correction.
Several combined factors may contribute to the apparent decrease of activity in the apex. First, the apical wall of the left ventricle (LV) is typically thinner than the rest of the LV myocardium ("apical thinning"). This may lead to greater partial volume effect in the apical region than the rest of the heart. Secondly, physical factors such as non-uniform attenuation, depth-dependent 'detector response, scatter, and statistical noise are potential causes of the apparent apical defects described above. Additionally, in converging beam SPECT, truncation is also a potential cause of such apparent apical defects.
In this paper the effects of 1) apical thinning, 2) attenuation correction, and '3) depth-dependent detector response on the relative intensity of the apical region were studied.
II. METHODS AND RESULTS
In this work, MCAT phantom [3, 4, 51 simulation studies, physical phantom experiments, and a patient study were performed to study the apparent apical defect phenomenon in cardiac SPECT. The ordered-subset expectation maximization (OS-EM) algorithm [6] was used for image reconstruction. The algorithm was implemented modeling non-uniform attenuation [7, 8, 91 and the depth-dependent detector response [lo, 11, 12 , 131, using a rotation based projectorhackprojector pair. For fan beam SPECT, a rotation and warping based projectorhackprojector was used [ 141. For the depthdependent detector response compensation, a slab-by-slab incremental blurring model was applied [ 151. In this paper the "intensity" refers to the reconstructed activity per voxel of the reconstructed cardiac SPECT images. We define the relative intensity (RI) of the apical region to the rest of the left ventricle (LV) wall-as the ratio (in percentage) of the intensity of the apical region to the intensity of non-apical regions of the LV wall in the reconstructed cardiac images.
Throughout this paper, we use "partial volume effect" to denote the decreased intensity observed in discretized representations of activity images. Two specific components of the partial volume effect are of interest: 1) discretization deficiencies that occur when representing
The research presented in this manuscript was partially supported by NIH Grant R29 HL51462 and a grant from Picker International continuous objects that do not exactly fill the ROI, and the maximum voxel value was measured for representative voxel(s); and 2) blumng of intensity to each of the profiles. The average of the measured surrounding voxels due to finite spatial resolution and/or maximum voxel values was used as the intensity of the incomplete spatial resolution recovery.
ROI, which was used to compute the relative intensities.
I . Simulation Studies
The relative intensity of the apical region to the rest of the LV wall was 100% for the images reconstructed from -In the simulation studies, two MCAT phantoms were used to generate projection data. The phantoms were ,stored in two 256 x 256 x 256 matrices with a voxel size of 0.15625 cm, and the activity was uniform throughout projection data without apical thinning. The relative intensities were 93% and 82% for images reconstructed from the 128 x 128 x 120 and 64 x 64 x 120 projection data with apical thinning, respectively. the left ventricle walls. The difference between the phantoms was that the thickness of the left ventricle wall was uniform (1.1 1 cm thick) in one of the phantoms, and the apex was thinner (0.71 cm thick) than the rest of the left ventricle wall (1.11 cm thick) in the other. The liver was down in the phantoms. All simulation data were noise free.
The first simulation study was performed to study the partial volume effect due to large reconstruction voxel sizes. Two sets of projection data with 120 projection views were generated, using the two phantoms with 8 subvoxels in each voxel, and stored in two 256 x 256 x 120 matrices. The effects of attenuation, detector response, and scatter were not modeled. The projection data were collapsed to 128 x 128 x 120 matrices and 64 x 64 x 120 matrices before reconstruction. The reconstruction voxel sizes were 0.3125 cm and 0.625 cm, respectively. In the second simulation study, the MCAT phantom without apical thinning was used to generate projection data using a projector modeling non-uniform attenuation effect and the depth-dependent detector effect of the SPECT system. A non-circular orbit was used. The full width at half maximum (FWHM) of the depth-dependent detector response function was 1.4 cm at a distance of 20 cm from the collimator surface, and 0.40 cm at the collimator surface. The projection data were stored in a 256 x 256 x 120 matrix, with 120 projection views, and was subsequently collapsed to a 64 x 64 x 120 matrix for the reconstruction. Images were reconstructed using the iterative OS-EM algorithm for 15 iterations with 4 angles in each subset, performing three different compensation combinations: 1) no correction (NO), 2) attenuation correction only (AC), and 3) both attenuation correction and detector response compensation (AC+DRC). Figure 3 shows the same slices of the images reconstructed with the three different compensation combinations. The relative intensities of the apical region to the rest of the left ventrical walls were 120%, loo%, and 100% for the images reconstructed with no correction, with attenuation correction only, and with both attenuation correction and detector response compensation, respectively. The relative intensity for the phantom truth was 100% as shown in the first simulation study. In the third simulation study, we used the same procedures as in the second study but used the MCAT phantom with apical thinning. Figure 4 shows the same slices of the images reconstructed with different compensations. The ratios of the intensity of the apical region to the rest of the left ventrical walls were 103%, 74%, and 80% for the images reconstructed with no correction, with attenuation correction only, and with both attenuation correction and detector response compensation, respectively. It was showed in the first simulation study that even when detector resolution and attenuation were not simulated in the projection data, finite voxel size led to an RI of 82% when there was apical thinning. The RI of 80% obtained in this third simulation study thus represents considerable recovery via detector response compensation of the loss in RI due to detector resolution, improving the RI from 74% to 80% out of a maximum of 82%.
Torso Phantom Experiments
An anthropomorphic phantom with cardiac insert (Data Spectrum, Hillsborough, NC) (referred to as torso phantom hereafter in this paper) was used in the first physical phantom study. A bottle (cylindric shape) was attached to the outside of the phantom with the cylindric Reconstructions were performed with 1) no correction, 2) attenuation correction only, and 3) both attenuation correction and detector response compensation, respectively, for 6 OS-EM iterations with 4 angles per subset. The attenuation map was reconstructed from the transmission projection data, which were obtained from the simultaneous transmission scan, using a scanning Gd-153 line source. The reconstructed attenuation coefficient in the lungs was 0.026/cm.
The reconstructed images were compared in two ways.
First, the intensity of the heart insert was compared to that of the bottle, and second, the intensity of the apical region was compared to that of left ventricle walls.
The top row of Figure 5 (a) displays the same horizontal long slices of the images reconstructed in three different ways. Line profiles were drawn and displayed in 5(b). The same vertical long axis slices of each of the images were shown in the bottom row of 5(a).
The ratio of the intensity of the heart walls to the intensity of the bottle in the reconstructed images was 18% when no corrections were performed, 58% when attenuation correction only was performed, and 89% when both attenuation correction and detector response compensation were performed. axis along the axial axis of the phantom. The bottle and the cardiac insert of the phantom were filled with the same background activity. Two defects were inserted and apical Since the bottle had the Same activity concentration as the heart insert, the recovery of the intensity of the heart reconstruction illustrates the importance of performing activity Concentration (3.83 ClCi/cm3 )* There was no relative to the intensity of the bottle after the thinning was not present in the cardiac insert. Of the attenuation correction in cardiac SPECT reconstruction. phantom. The lungs were with beads and However, when detector response compensation was water, and the remainder of the Phantom was filled with performed in addition to attenuation correction, the ratio increased from 58% to 89%. This indicates that water.
Projection data were acquired using a Picker PRISM performing detector response compensation can improve 2000XP dual head SPECT system with parallel beam the quantitative quality of the reconstructed images. collimators. The acquisition obtained 120 projections over 3600 from two detectors at 6o stops Of 35 seconds per stop. The projection Pixel size and the reconstruction voxel size were 0.467 cm. Projection data were stored in a 128 x 128 x 120 array in short integer format.
The relative intensity of the apical region to the rest of the LV was obtained by measuring the intensities of both the apical region and the rest of the LV (Figure 2(b) ) in both the vertical and horizontal long axis images and then computing the ratio. The relative intensity was 72% when A set of fan beam SPECT patient data were studied. The patient had normal cardiac function. The emission projection data were acquired using a Picker PRISM 3000XP three-head SPECT system with fan-beam collimation. The pixel size of the projection data was 0.712 cm. The reconstruction voxel size was also 0.712 cm.
The relative intensity of the apex to the left ventricle walls was measured. The relative intensities for the same horizontal long axis slices were 71%, 65%, and 75% for the images reconstructed with no corrections, with attenuation correction only, and with both attenuation correction and detector response compensation, respectively; 66%, 62%, and 77% for the same vertical long axis slices. This shows that 1) when performing only attenuation correction the intensity of the apical region relative to the left ventricle walls was more decreased than without performing any corrections, and 2) performing depth-dependent detector response correction increased the relative intensity of the apical region significantly. Figure 7 shows the same vertical long axis slices (top row) and the same horizontal long axis slices (bottom row) from the images reconstructed by using the three different correction criteria.
To summarize the results, we list the relative intensities (RIs) for the four sets of studies in Table 1 (AP: apical thinning, HL: horizontal long axis, VL: vertical long axis, and ID: ideal data). The uncertainties of the RI measurements were within +1% for the simulation studies, and f3% for the torso phantom experiments and only attenuation correction was performed, and 74% when no corrections were performed. When both attenuation correction and the detector response Compensation were performed, the ratio increased to 83%. Quantitatively, myocardial uniformity was improved when both attenuation correction and detector response compensation were performed in reconstruction. The relative intensity measurements for horizontal long axis images were not performed in this phantom experiment.
In the second torso phantom experiment, there were no defects in the cardiac insert of the torso phantom. Apical thinning was not present. No bottle was attached to the phantom. An activity concentration of 1.75 pCi /cm3 Tc99m was injected to the cardiac insert and the liver insert. There was no background activity.
The acquisition obtained 120 projections over 360' from two detectors at 60 stops of 30 seconds per stop. The projection pixel size and the reconstruction voxel size were 0.467 cm. Projection data were stored in a 128 x 128 x 120 array in short integer format. Figure 6 shows the same horizontal long axis slice and the same vertical long axis slice of the images reconstructed with 1) no corrections, 2) attenuation correction only, and 3) both attenuation correction and detector response compensation, respectively.
The relative intensities were, for the horizontal long axis slices, 84%, 86%, and 90% for no corrections, attenuation correction only, and both attenuation correction and detector response compensation, respectively; 84%, 85%, and 91%, for vertical long axis slices. 
Patient Study

III. DISCUSSION
Some of the cardiac SPECT images show decreased intensity in the apical region relative to the rest of the heart. Compared with images reconstructed with no corrections, images reconstructed with only attenuation correction sometimes show a greater decrease in intensity in the apical region relative the rest of the heart. We discuss hereafter several possible factors that may cause these phenomena.
Apical Thinning
From the MCAT phantom study, we see that when a large reconstruction voxel size was used, the intensity of the apical region in the reconstructed images was lower than that of the rest of the LV walls when apical thinning was present. The larger the reconstruction voxel size was, the more severely the intensity of the apical region was decreased relative to the rest of the LV walls. This is a typical partial volume effect in an iterative reconstruction algorithm.
Attenuation Eflects
reconstructed images in terms of the relative intensity of the apical region to the rest of the heart, the simulation studies showed that 1)reconstruction without attenuation correction resulted in a false, higher relative intensity (as much as 20% higher); and 2) performing attenuation correction severely decreased the relative intensity of the apical region to the rest of the LV compared with when no attenuation correction was performed. In the ,physical phantom studies, the relative intensity of the apical region to the rest of the heart in the images reconstructed with only attenuation correction, compared to that in the images reconstructed without any corrections, did not change significantly.
The answer to the question of whether the relative intensity of the apical region to the rest of the LV will be further decreased when attenuation correction is performed, compared with when no correction is performed, depends on whether the photons emitted from the apical region are more attenuated than those from the other parts of the LV before they reach the detector. If photons emitted from other parts of the LV are attenuated more strongly than those from the apex, then attenuation correction will boost the activity of the rest of the LV more than it will boost the activity of the apex, so attenuation correction will further decrease the relative intensity of the apex to the rest of the LV. The relative attenuations of the apex to the rest of the LV may vary from patient to patient and from phantom to phantom. Therefore, in some cases attenuation correction decreases the relative intensity of the apical region to the rest of the LV, and in some cases not.
A simple postulate of this speculation was performed for the MCAT phantom simulation studies as suggested by one of the anonymous reviewers. Recall the iterative method of OS-EM: Figure 6 . Torso phantom study. Upper row: vertical long axis Figure 7 . fan beam patient study. Upper row: vertical long slices, relative intensity was 84%, 86% and 90% for no axis slices, relative intensity was 71%, 65% and 75% for no corrections, attenuation correction, and both attenuation corrections, attenuation correction, and both attenuation correction and detector response compensation, respectively. correction and detector response compensation, respectively. Lower row: horizontal long axis slices, the corresponding Lower row: horizontal long axis slice, the corresponding relative intensities were 84%, 85%, and 91%.
relative intensities were 66%, 62%, and 77%. where xi and x y e w ) are the values of voxel j before and after the iteration of the subset S , P , is the value at pixel I of the projection data, and the summation Ali is proportional to the modeled probability that a photon emitted from voxel j will be detected in subset (S) in the projectorhackprojector pair. This summation was 4.00 for all the voxek in the image reconstruction without modeling any effects. However, when attenuation correction was performed, this value was greater for voxels in the apical region than for voxels in the rest of the LV. For example, when only the attenuation correction was performed, the modeled probability for the first subset was 0.89 for the voxels in the apical region, and 0.65 for voxels in the rest of the LV. The average over all the 30 subsets was 0.57 and 0.43, respectively. This shows that performing attenuation correction boosts the intensity of the rest of the LV more than it does the apical region. This observation helps explain why, in the simulation studies, performing attenuation correction decreased the relative intensity of the apical region to the rest of the LV, compared with performing no corrections.
l e s
Detector Response Compensation
The simulation studies with apical thinning showed that in the images reconstructed with detector response compensation, the relative intensity in the apical region to the rest of the LV (80%) was higher than that in the images reconstructed without detector response compensation(74%), and the images showed improved myocardial uniformity.
The depth-dependent detector response is a twodimensional spatial response. When detector response compensation is not performed, the reconstruction of the projection data will be blurred, and part of the activity in the heart will appear to be outside of the heart. This causes a decrease of the reconstructed activity in the heart, and two effects can make the decrease in the apical region more than in the rest of the LV. One is that the apex is generally thinner than the rest of the LV, and the other is that the curvature of the apical region is larger than that of the other parts of the LV. Thus, when the reconstruction voxel size is finite, the blurring of the reconstructed image may result in more decreased intensity in the apical region than in the rest of the LV. Therefore, the detector response compensation is important in order to recover the intensity of the apical region relative to the rest of the heart. In the phantom experiments, when detector response compensation was performed in addition to attenuation correction, the relative intensity of the apical region to the rest of heart was increased in the reconstructed images. The simulation studies and phantom experiments were consistent in the sense that the reconstructed images were more accurate when detector response compensation was performed in the reconstruction.
For patient data, the situation is more complex than for simulation studies and phantom experiments. Patient motion (including respiration) and diversity of cardiac anatomy (apex thinning, orientation, etc.) make it more difficult to predict the effects of attenuation correction and detector response compensation on the cardiac SPECT image reconstructions. However, the results of the patient study in this work were consistent with our simulation studies and torso phantom experiments. The relative intensity of the apical region to the rest of the heart was increased when both attenuation correction and detector response compensation were performed.
Future efforts will be made to study scatter effects [ 16, 17, 181, the effect of noise, and the partial volume effect associated with imaging cardiac anatomy. Additionally, interactions between attenuation correction and detectorresponse compensation will be studied. 
IV. CONCLUSIONS
When the activity concentration is truly uniform, apical thinning and the partial volume effect due to large reconstruction voxel size can result in reduced relative intensity of the apical region compared to the rest of the LV in reconstructed SPECT cardiac images. When the photons which originate from the apical region are subjected to less attenuation than those from the rest of the heart, reconstruction without attenuation correction results in falsely higher intensity in the apical region relative to that in the rest of the LV when compared to images reconstructed with attenuation correction. The application of both attenuation correction and depthdependent detector response compensation was found to result in more accurate images and increased relative intensity of the apical region in comparison to the rest of the LV. In the physical phantom experiments where apical thinning was not present and the detector response was compensated, moderate non-uniformities in the apical region of the reconstructed images persisted. We postulate that partial volume effect, interactions between attenuation correction and detector-response blurring, scatter, incomplete detector response compensation, and noise may contribute to these unexplained nonuniformities. Further work is required to fully understand these phenomena. their help in the torso phantom studies, and Sean Webb for editing the manuscript.
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